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ABSTRACT

An investigation was undertaken to provide U.S.

naval combatant ships with the capability of avoiding
oil pollution in excess of 100 parts of oil per million
parts of seawater in their discharges of ballast and
bilge waters. Examination of the open literaLure and
patents as well as discussion with Government and in-
dustrial specialists revealed that:

* No available technology, alone, is prac-
ticable for shipboard reduction of the oil content to
points below the required limit.

* A combination of two or more operations
along with reprocessing might be suitable for the
purpose,

* Reliable devices for measuring oil con-
tent in water are needed for satisfactory solutions to
the problem.

Since no single means has been found, however,
the development of a process has begun. The first goal
is to solve the bilge-water, oil-pollution problem,
which appears simpler, aud then to extend this solution
to the ballast-water, oil-pollution problem.

i
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ADMINISTRATIVE INFORMATION i t
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NAVAL SHIPl RESEARCH AND DEVEWPMENT LABORATORY4
SHIPBOARD OIL-POLLUTION CONTROL SYSTEMS

FOR BALLAST AND SItIE WATERS

T.S. Yu and
• " ~D.R. Ventriglio:i

INTRODUCTION
r

One of the causes of oil pollution in navigable water is ship discharge
S- of oily water. Other causes can be incidents like the Torrey Canyon disaster, -

oil well seepage such as that off Santa Barbara, California, and discharges of
oily water from land-based facilities. This task concerns the abatement of oil
pollution attributable to discharges of oily ballast and bilge water from naval
ships. Its objectives are to develop a practical shipboard system for reducing

* oil content in theedischarging water and to establish principles and operating
procedures for that system.

This report constitutes Part A; "State-of-the-Art Determination of
Phase 1, Defining the Problem and Setting Goals." It will be followed by Part

,- B, "Magnitude of the Problem Determination" and Part C, "Proposing Technical
Approaches." Later phases will be prototype development and engineering trans-
formation of the prototype into shipboard installation.

"* It is to be noted that when the work was first initiated, the main fuel
oil for the Navy's surface ships was Navy Special Fuel Oil (NSFO). It has been
announced that a distillate-type fuel is to be the Navy's main fuel for ship
propulsion.(I) This change in fuel has not been overlooked in this survey of
the state of the art.

BACKGROUND

SOURCES OF OIL POLLUTION

Oil pollution is usually the result of the presence of persistent types
of oil on water. Such oils are not volatile and resist oxidation, while the
nonpersistent type oils can either be vaporized or oxidized. Residual fuel oils,
lubricating oils, and heavy tar oils have been classified as the persiatent
types of oil.( 2 )

The main. sources 3 ) of the persistent type of oil pollutant are:

rs iatural seepage such as that found in the coastal watersresulting from lealps :,rough cracks in the earth.

(1 )Superscripts in parentheses refers to similarly numbered entries in
Appendix B.
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Land drainage resulting from'careless discharges of oilyi: ~ wastes from industrial operations. •-

i 0 Marine discharges due to-,

. Sunken ships.
_ Ship accidents.
. Tanker washings. -.

. Ballast and bilge discharges.

This report is concerned mainly with ballast and bilge discharges.

LAWS

Although the United States has been interested in pollution control for
a long time, the earliest recorded oil pollution in navigable water occured in
the Caspian Sea iTr 1754. The Rivers an(' Harbors Ac of 1899,(4) the Oil Pollu-
tion Act of 1924,(5) the Water Quality Act of 1965,16) the Federal Water Pollu-
tion Control Act (amended 1965),(7) and the Clean Water Restoration Act of
1fl6(g) are all aimed at assuring clean waterways. Internationally, a confer-
ence for abating oil pollution of the sea was first called by the British in
1954 after the issuance of the Faulkner Report.( 9 ) Later, the responsibility
of coordinating the efforts of various governments was undertaken by the United
Nations(10) which in turn assigned the Intergovernmental Maritime Consultative
Organization (IMCO) the responsibility of dealing with oil-pollution problems.

It was in the 1962 International Conference on Oil Pollution on the Sea
attended by representatives from 41 countries and observers from 14 other coun-
tries that a limit of 100 ppm* (0.01% or one one-hundredth of a percent) of
oil in ship's discharging water and a prohibited zone of 50/100 miles from
shorelines, as set by the previous 1954 confereri.a, were agreed to, The Third
International Conference in 1965 resolved that naval ships of the signatory
countries be asked to observe all the resolutions insofar as practical. U.S.
Navy Regulations,(l 1 ) Article 1272, as amended in 1961, already had restricted
the discharge of oily water in navigable waterways and coastal waters.

The Federal Water Pollution Control Act, as amended 2 October 1965, and
the Executive Order 11258,(12) "Prevention, Control and Abatement of Water Pol-
lution by Federal Activities," of 17 November 1965 illustrate the desire of the
United States Guvernment for the maintenance of cleaner water.

Executive Order 11288(13) of 13 May 1966 further establishes the purpose
and policy of the Federal Water Pollution Control Act.

Department of Defense Directive 5100.50,( 1 4 ) "Enviromental Pollution
Control," of 4 January 1966 has a policy for its components to demonstrate
leadership in pollution abatement and to cooperate in the development of pollu-
tion abatement programs with local communities. It also charges the Director
of Defense Research and Engineering and his designee with the responsibility
of undertaking such research as necessary to study enviromental pollution
problems.

*Abbreviations used in this text are from the GPO Style Manual, 1967, unless
otherwise noted.
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SECHAV Instruction 6240.6A(15) of 24 March 1967 set up the Navy Enviro-
mental Pollution Control Program and assigned the Naval Ship Systems Command
the responsibility for implementitg programs concerning naval ships.

COMPARISON OF COMMERCIAL SHIP AND) NAVtAl. SHIP OPERATIONS

r- -- [ • "tt01 pollution is not unique to naval Vess618. Cwmtretal ships have a .
similar pollution problem. However, because of different types of missions and
therefore different requirements, the problems facing naval ships are different
in some ways from those of commercial ships.

Ballast Water

Ballast water is the water a ship puraps into its empty fuel oil storage
tanks or void spaces to keep the ship stable and in good trim. Because of the
locations of the usual two suction outlets (one at 4-6 inches above the bottom
for transfering the fuel oil to service tanks and another at 1½-2 inches from
the bottom for stripping the tank) and of the VisCOsiLv of the oil (which
causes it to adhere to the tank walls), there always will be some oil left
inside the tank and the piping system. The motion of the ship will mix this
oil with the water used for ballasting which often causes some emulsions to
exist inside the tanks. When this water is pumped out in preparing the ship
for refueling, there unavoidably will be some oil in the deballasting water
which results in pollution.

Commercial ships can now avoid the oil contamination of their ballast
water by having separate tanks for ballasting only. Naval combatrnt ships can-
not afford the luxury of separate tai1ks because the effective use of available
space aboard ship is of primary importance. Also, because of different empha-
sis in missions, naval ships often do not have :ime to deballast at a slow rate.
Deballasting rates of 600-3000 gpm per pump can be expected.

Bilge Water

Bilge "water," on the other hand, is the result of collections of drains,
drippings and leakages from water, lubricating oil, hydraulic oil, and fuel oil
systems. Because of the presence of additives that may he found in the lubri-
cating and hydraulic oils, the oily water mixture in the bilge is different
from that in the ballasted tanks. This bilge water would have to be pumped out
from the ship's bilge to keep from damaging the ship's machinery and flooding
the ship. The amount of bilge-water accumulation varies with the ship's condi-
tion and maintenance. In general, the makeup rates of the ship's water, lubri-
cating, and hydraulic oil systems can give some indication of the amount of
bilge water to be expected. A bilge-water removal rate of a least 10 gpm is
considered a target requirement for a combatant ship. Some commercial ships
have been provided with bilge-water separators. At present these are not
equipped with positive oil in water measuring and controlling devices. Without
these devices, the effectiveness of such separators is not certain. However,
they can at least reduce to some degree the amount of oil to be pumped out
with the bilge water. Naval ships do not yet have such separators.

Tank Washings

The disposal of the water used for the on-board washing of the oil
cargo tanks of commercial tankers or of the Navy's oilers is a problem similar
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to that of ballast water. This water is often used as ballast water in the

empty tanks on the ship's return voyage to permit good maneuvering capability.

This oily water has to be discharged before new oil or other cargos are loaded

again.

Commercial oil tankers have now adopted a "Load-on-Top" technique to

handle their tank washings. In this technique, the oily part of-the washing

in any tank is consolidated by transfer to a "slop oil" tank after 'the settled

water has been pumped overboard. The empty tanks are then filled with water

to give the tanker its needed stability in maneuvering. This consolidated oily

material is then allowed to be mixed with the new crude oil and'delivered to the

refinery for processing. The Navy's oilers may already practice consolidating

the oily material from their tank washings, but they cannot mix this oily ma-

terial with new fuel oil to be delivered to the ships at sea. The Navy's oilers

cannot always unload this consolidated oily material from tank washings at the

naval depots before taking on new cargos.

SUMMARY

Naval ships have a difficult problem in observing the oil-'pollution re-

quirement. Because of the space and weight requirements aboard:naval ships,

any process equipment installed to treat the ballast and bilge waters before

their discharge has to be compact and of minimum weight. Tt was against these

requirements that this search of the state of the art was carried out.

APPROACH

The search for the available oil-water separation methods was conducted

through several avenues. These included examinations of patents ,(through NSRDC

Patent Consul). Defense Documentation Center repg~ts; open publications such

as technical books, journals, and manufacturers' b'rochures; and reports publi-

shed by other Governmental agencies and private organizations. I'The search in-

cluded the collection of information by attending pertinent technical meetings

and visiting pertinent Government agencies and private concerns. A few naval

ships also were visited to develop information on operations and to obtain

ideas of the space available. Ships' personnel were queried on their exper-

iences in handling ballast and bilge waters. A Navy Fuel Reclamation Center

was visited to learn of its operation.

The information collected on oil-water separation methods is presented

in the section on Separation Techniques.

Recognizing that reliable measurement of oil content in water is an es-

sential requirement for any proposed pollution-control process, the state-of-

the-art determination also included the area of analytical instru-mention. The

information collected is presented in the section on Measuring Methods.

Associated pertinent information collected with respect to the overall

problem is reported in the section on Other Relevant Information.

SEPARATION TECHNIQUES

Separating two immiscible liquids, such as oil and water, in a ship's

fuel oil tanks or bilges is not a simple process. The maintenance of two
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separate tiquid phases is confounded by the mixing of the phases caused by the
ship's motion, by the action of pumps, and by surfactants, which may be present

-.in oils (either as deliberately added performance-improving chemicals .or as a

: result of oxidation). Thus, the oil and warur inside a ballast tank or bilge 2
can exst in forms ranging f-eam well defined separate layers to mixtures (dis- I

•''•I•- .. s-pmntr~os armrPatn fl" Of varrytI~degrem~r-tftabltlty; +-*lttlu~tlfldtPet .. ...

simns or emulsions are very difficult to separate, the bulk of one or both
liquids can generally be separated by either a single technique or a combina-

tion of arveral techniques.

The following sections cover possible separation techniques. Each of
these techniques is discussed and then evaluated for its possible shipboard use
within its section.

SETTLING

Separating oil from water by settling should be a natural first choice.

Where it -an be used, it requires comparatively little energy and inexpensive

equipment. In general, oil-water mixtures will separate into two layers

if they are allowed to stand for a sufficient period of time. Such technique

has been used in many oil-producing fields and refineries, where large spaces

are available and long settling times are of no great concern. This technique

has been used in water works to separate suspended solid particles (oil-wet

solids may be present in the form of rust in deep ballast and bilge waters) by

allowing them to sink. The Navy's Fuel Reclai iation Plant on Craney Island,

near Norfolk, Virginia, is applying this technique in its settling ponds. There

the oily water discharged by naval ships either through a piping system on the

piers or brought back by barges and "doughnuts" is allowed to stand inside an

open pond, and the oil that has floated to the top is skinned off for the re-
clamation process. (A "doughnut" is an open-ended cylinder standing vertically

in the water to confine oil and to prevent it from spreading.) The water that

settles out in the pond is drained off to another trough for skimming off any

oil still on its surface before it is discherged into the harbor.

The separation of a mixture of two immiscible liquids by settling de-
pends on :

* The particle size of the inner, dispersed on discontinuous,

phase in 0he 1outer or continuous phase.

* The difference in their densities.

* The viscosity of the outer or continuous phase.

Three laws (16) ( 1 7 )have been suggested for the calculation of the rate

of rising (separation) of a drop of the dispersed phase, for different ranges
of a characteristic property, the Reynolds number (Re=DVP/ju). Reynolds number
is an indication of flow conditions. As Reynolds number increases, flow condi-
tion changes from laminar to turbtlent. The three laws used for calculating
the rising velocity of a drop of the dispersed phase are:

a Stokes Law (for Reynolds number below 2):

gD;2

18MThAB24
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* Intermediate Law (for Reynolds Number 2-500):

01 ' 1vsi: [• Ph(h_ PP)f.71 1
VPh ýXO431

a Newton's Law (for Reynolds Number 500-200,000):

• ~~V•, =1.74 • J ;

where p

v " velocity

g = gravitational force

D = diameter

P = density

A = viscosityv

and subscripts

h is for continuous phase

I is foe dispersed phase.

"These three laws indicate that the rising velocity cr separation of an

oil drop is favored by larger phase-density difference, larger drop size, and
lower viscosity of the continuous medium. While ,be density and viscosity can

be affected by temperature changes, the drop si-e is affected by degree of

agitation. The change in density and viscosity with temperature is available
for oils, water, and seawater. (18) (19) Table I serves as an example of the

effect of density difference on rising velocity. In this table specific grav-
ities of seawater, NSFO, and distillate-type fuel oil have been taken to be

1.03, 0.99, and 0.89, respectively.

Table 1

Effect of Density Difference on Rising Velocity of Oil in Seawater -

NSFO Distillate Fuel Increase in
(PI =0.99) (PI =0.89) jRisig velocity

Stokes' Law
P h P 0.04 0.14 350

Intermediate Law(Ph -- Pj, )0.71 0.101 0o,248 Z4a5

Newton's Law" (Ph - - p ,Y )0.5 __ 0.2 0. 374 187

Note: (Ph-Pr) is density difference against seawater
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Separation rate increases up to 350% can be obtained depending on the nature of

f the liquid. Figure I further illustrates the relationships uf drop vJSt1S
rising velocity and time required for an oil drop to rise a 41sta1i(e tof oniet
foot in calm water. The larger the drop size, the greater the ease of separation.

lIME REQUIRED 10 RISE PER 1`OO1, seconds

o C:',

- C3

C, 0'N

RISING VELOCITY, fps

Figure I
Rising Velocity and Time of Different Size Oil

(Specific Gravity 0.99) Globules

Several investigators( 2 0 >-(23)have studied the effects of hydraulic
behavior and turbulence on drop size in settling. They all agree that turbu-
lence is not a favorable condition and that rising velocity or rate of separa-
tion changes with degree of turbulence. Separation also depends on the oil
properties and residence time. The above investigators and some others(2 4 ),(25) 1
also looked into separation in a flowing stream. They came to the same conclu-
sions as did the American Petroleum Institute (API) that the faster the flow,
the less favorable are the conditions for separation. The API has made recom-
mendations for separator design as a result of their supported investigation at
the University of Wisconsin.( 2 6 ) A depth width ratio of 0.3-0.5 is suggested.
Figure 2 shows a relation based on depth/width ratio for drop size and length
of separator needed for a flow rate of 3000 gpm. When sufficiunt time '-nd a
large area are available, continuous flow separation Like that suggesteC; (27)-
(29) is possible. Some refineries( 3 0 ) have satisfactorily removed oil irom
their aqueous wastes with this type of separator. In view of renewed interest

SMATIAB 244 7

Ih



in oil pollution, API has revitalized their support of investigations in this
area. Further developments will be closely watched.

0.030 -- r "

0.028

Tt- 0.026

0.02A4 3
0022

0020 1
• ~0.018 t

0.016

0014

S0012-

"o 0010

0008

0006

0.004

0.002

I i i • i I I I I I I I I l I I

0 40 80 120 160 200 240 280 320 360 400

LENGIH OF API SEPARATOR, feet

Figure 2
Diameter of Particle Which Will Rise to Surface of API Separator

(Cross Section 40 x 7.75 Feet)
Versus Length Necessary for Particle to Rise to Surface

(Specific Gravity 0.99, Flow Rate 3000 GPM) -

Since Li,, time required for a drop of a dispersed phase to rise to the
interface for separation is dependent on the distance (depth) to be traversed, a.

suggestions( 3 1 )-( 3 4 )have been made for reducing the depth by using several per-
forated conical plates a few inches above each other in a deep tank. This also
is essence in reducing the settling length. A separator using a helical
path( 3 5 )has also been suggested. This suggestion allows the mixture to have
longer time for separation.

Settlers with perforated conical plates, or perforated plates of other
geometry, have been built by various suppliers (Coded 1 thru 6) and used on

ships for bilge water and/or ballast water. They are generally suitable for
low flow rates (4-10 gpm). Recently built U. S. Coast Guard "cutters" have
a 3imilar type separator for their bilge water installed by Supplier 3. Un-
fortunately) no data on the quality of water purity before and after the sep-
arator are available at present. Suppliers I and 2 have not replied to inquires,
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and Supplier 4 has stopped building this kind of separator because of its in-
ability to separate oil-water emulsion3 which often exist especially when the
mixture is being stirred by ship's rolling end pitching motion. The separator
built by Supplier I requires that it be filled with liquid during separati on.
This indicates that a successful separation of oil and water could require a
calm. situation 'hich may not always be available. However, if baffles to pro-
duce smaller compartments and thus reduce sloshing of the mixture can be added
inside such separators, better separation could be achieved.

FLOTATION

Flotation is similar to settling in principle. It employs an essen-
tially insoluble gas to surround and thus float suspended particles or drops by
increasing the density difference between the suspended air-attached particle
or drop and the continuous medium, thus facilitating the separation. The in-
soluble gas (usually air) may be added either in a dissolved or a dispersed
form. Because of the low gas density, a drop of NSFO with an attached air
bubble of the same size can rise 15.7 times faster. Even if the attached air
bubble is only half its size, the NSFO drop can rise 10.8 times faster. Oil

industries( 3 6 )-( 3 9) and public water systems( 4 0 )-( 4 2 ) have successfully applied
this technique to separation problems in their settling ponds. However, the
ponds are usually shallow (5-7 feet in depth) and long (30-110 feet).

Veveral patents (43)-(47) have been issued in the United States on this
flotation technique with the aid of demulsifying agents and employing different
means of distributing the insoluble gas.

A word of caution seems to be in order here. Under suitable conditions
certain proportions of air oil (hydrocarbon) vapor form explosive mixtures.( 4 8)

Therefore, when such flotation technique is to be used, adequate ventilation
and fire precautions must be carefully observed.

CENTR IFUGATION

Centrifuges have been used in removing solids from liquids or liquids
from other mutually insoluble liquids. In general, when centrifuge is used
for separating one liquid from another, a minimum difference of 3% between
liquid densities is recommended. This is because smaller differences would
require a very large centrifugal force for separation. In theory, the same
Stokes' Law used for gravitational settling applies to centrifuging but with
centrifugal force utilized instead of gravitational force. Under the same
centrifugal force field, a mixture of liquids will behave as follows: The
liquids of higher density will have a larger momentum and move toward the outer
periphery of the centrifuge while the liquid of lower density will have less
momentum and move toward the inner periphery of the centrifuge. The location
of the boundary between the two liquids depends on the forc ,es on both sides of ,_

the interface. Generally, the location along the radius is related to the
density( 4 9) as:

2 r2rh2. i _ __,

ri2 - r12 P h1

where -rda hl
ri = radial distance for the interface
rh = radial distance for the heavy phase
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ri = radial distance for the light phase
Ph - density of the heavy phase
Pt - density of the light phase.

T-ere are two types of centriiuas used in liquid-liquid scpiration. w., u-
Tubular-bowl centrifuges are usually of high force (in the range of 13000 g)

and lower capacity (500 gallons per hour (gph)). Disk-bowl centrifuges usually
can handle up to 5000 gph at a lower force (in the range of 7000 g). An equa-
tion( 4 7 ) has been derived for calculating the critical drop size D'i, which a
given centrifuge can separate. It is:

DI [ 91AQ ri - rf 0 .5

[P D-• ( "I P)W 2V r

where
Q = volumetric feed rate of centrifuge
r = radius of the centrifuge
A = viscosity
C= angular velocity of centrifuge
V = volume of centrifuge.

The critical drop size is the drop size smaller than that which will be
in the light phase and larger than that which will he in the heavy phase. This
relation indicates that the critical drop size varies inversely with the rota-
tional speed of the centrifuge, and it varies with the square root of the feed
rate. Since the centrifugal force is proportional to the square of rotational
speed, a decrease of half the critical drop size would require twice the speed
and four times the centrifugal force. Similarly, such decrease in critical
drop size would reduce the centrifuge to one-fourth of its capacity. It is to
be noted that when the rotational speed is increased, the wall thickness of the
bowl and weight of the centrifuge will have to be increased.

A review of manufacturers' brochures reveals that a typical unit from
Supplier 7 operating at a force of 6500 g with 500 gpm capacity would weigh 2
tons and require 75-150 horsepower. Major centrifuge manufacturers contacted
did not express too much optimism in applying centrifugation to separate small
amounts of oil from large volumes of water.

If centrifuging is elected to remove oil from ballast or bilge water
where large percentage of the mixture is water, it would be inefficient and
uneconomical when over 907. of the liquid centrifuged is to be discarded. This
does not mean that centrifuge is not a good liquid-liquid separator. On the
contrary, centrifuges have been satisfactorily used in removing water from
lubricating oils aboard naval ships.

HYDROCYCLONE or

The basic principle of separation by hydrocyclone is similar to that of
the centrifuge. In a centrifuge the liquid is moved along a circular path by
the circular motion of its core. In a hydrocyclone, the liquid is forced into
circular motion due to tangetial injection of the liquid against the circular
configuration of the hydrocyclone. Usually a pump is the prime mover for the
liquid. The vortex action leads to high centrifugal force which aids the
phase separation. The advantage of a hydrocyclone over the centrifuge is that
there are no moving parts. The initial cost is low, therefore, and maintenance
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is easy. It also has the advantage of being relatively light in weight. These
advantages make the use of this technique of separation potentially more favor-
able than centrifuges on ships. It would, however, require considerable amount I
of power to push the liquid mixture through at a fairly high rate in order to

- achieve a httb-cectrifusl force newed for separation.

. -IUp to the present, the use of this technique in separating two immiscible
liquids has not been very successful because the turbulence created by the high

if I flow rate tends to shear and break the dispersed phase into a still finer dis-
persion. When the densities of the two fluid phases are close, a separation
into two phases by this method may be difficult to achieve.

l Experimental work(50 ) using kerosene (specific gravity 0.80) and white
oil (specific gravity 0.84) with water in the ratios of 1/3 and 9/1 at a rate
"of 10 gpm has been able to reach efficiencies if 77v/-91% with an underflow
containing 1.5%-32.7% of kerosene or 0.5%-61.6% of white oil. These values are
at least 50 times greater than the required 100 pprm limit, but the density dif-
[erences in these cases were greater than what would be expected in the Navy's
case. A recent presentation(51) reveals that several hydrocyclone units in a
battery used to recycle the underflow may achieve better separation results.
This would require more pumps and a greater power supply. Unfortunately, not
enough information on the effect of this cascade operation is available. This
idea will be pursued in a continued follow-up.

Although it may not seem to be a feasible solution to ballast-water puri-
fication because of the large volume of liquid involved) it may be worth fur-
ther investigation for bilge water.

COALESCER/FILTER

Coalescence is a much studied topic but not a very well understood phe-
nomenon.( 5 2 )Y( 5 4 ) The principal driving force is interfacial tension. Coales-
cence is promoted by lowering the interfacial tension by heat and/or demulsi-
fying agent.(5 5 )-( 5 9) It can also be promoted by physically uniting the
interfacial boundary of simila- particles.( 1 6 )

Coalescer/filter operation as applied to liquid-liquid separation essen-
tially requires condensing smaller drops into bigger drops and then separating
them according to gravity difference.

Physical interfacial film breakers used as means of coalescence have been
mats, screens, and porous or fibrous woven meshes.( 5 2 ),( 6 0 ) A criterion is
that it have a large ratio of surface area to volume. Usually the two liquids
to be separated have different surface properties. A selection of proper ma-
terial to coat the coalescing element determines which of the two liquids is to
be coalesced. Generally it is the dispersed phase that needs to be coalesced.

The Permutit Company( 2 4 ) under contract (MA-2722) with U. S. Maritime
Administration has used woven mesh to separate oil from water in their oil-
water separation investigation. The presence of impurities (fish scale, scum,
coagulated material, and the like) clogs up the coalescing screen and creates
a large pressure-drop problem. A series of screens with slow flow rates of
10 gpm per sq ft was able to reduce the oil content in water from 1100 to 160
ppm. The clogging problem of the initial screen still exists. The U. S. Mari-
time Administration has now contracted with CUNO Division of A1F Company
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(MA-4152) to make further investigations. The new investigation( 6 1) uses "Auto
Klean" in their disk-type filters to remove the clogging material between disks9
The initial report indicates that acceptable effluent concentrations were ob-
tained with 25 gpm seawater with up to 107. of No. 6 fuel oil in the influent.
The M. S. Maritime Admintni atton has extended the contract for further studist. ? t.

[ . Its developmente will be followed.

Other materials,( 6 0 )-( 6 4 ) such as fuller's earth, diatomnaceous earth, __

clay, granular polymer, glass, or wool fibers in singular or compound forms
have been suggested. Not all of these materials can be satisfactorily used for
all types of liquids (oils). When hydrophobic materials are used for the coal-
escer/filter, small water droplets can be coalesced and separated. This has
been applied in the removing of water from light fuels, such as JP-4 and JP-5.
Conversely when hydrophilic material (53) is used as coalescer, small oil drops
may be coalesced and separated. However, the heavier fuel oil for Navy's use 1 -
can have different origins and contain various kinds of impurities to coat the
coalescer and render it inoperable in a short time. Three filter manufacturers
(Suppliers 8, 9, and 10) consulted have not been able to find a material sat-
isfactory for this kind of application. When a light distillate type of fuel
is to be used, perhaps a suitable coalescer!filter material may be found.

One manufacturer (Supplier 11) has demonstrated the separation of an oil
lighter and less viscous than NSFO from water in a coalescer after the mixture
had been heated.

The use of coalescer/filter to remove both NSFO and distillate-type fuel
from ballast water and various mixtures of lubricating and hydraulic oils from
bilge water will be followed.

EVAPORATION/DISTILLATION

Separation of two immiscible liquids by alternate evaporation and con-
densation techniques is based on vapor pressure differences whether they are
operated under normal or reduced pressures. Because of the large volume of
mixture and small available space aboard a ship, these techniques are viewed
as impractical. Besides, a large amount of energy in the form of steam or
electricity for heating, pumping, and/or providing a reduced pressure is needed
in vaporizing the water (over 907. of the mixture) before the persistent type
of oil can be removed. Although evaporation of seawater is used to provide
potable water for a ship's use, persistent types of oil would still remain with
the concentrated brine solution as it is discitarged into the sea.

FREEZING

Separation based on this technique utilizes the difference in the freez-
ing points of the two immiscible liquids. This method of separation is not
deemed practical for the came reasons discussed above in the case of evapora-
tion/dis tillation.

SELECTIVE ADSORPTION

Adsorption suggests that one of the two immiscible fluids (preferably the
one of lesser quantity) is selectively adsorbed on the surface of a suitable
material. This technique was used in the 1967 Torrey Canyon incident. The
adsorbent material used to sink with the oil is found to have released oil
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later and is further reported to have affected marine life on the ocean bottom.
7Unless the oil adsorbed can be recovered or separated, ships would not only

have to carry adsorbent but also the used oil-containing adsorbent. As well,
this would create a storage problem on Navy vessels. Of course, another ap-4 ..~ -"aPr is t..o AS0 the adsorbedt ll ail thWia adorblnt tgetLher. Until such
disposal technique can be satisfactorily developed, separation by this method

t b will have to wait for further development,

*.. A very recent patent( 6 5 ) suggests the use of gas bubbles with a selected I
* • surfactant film to hold one liquid inside and the other outside. These bubbles

are to go through another layer of solvent to remove the adsorbed liquid and
then another solvent layer for transferring surfactant back into the aqueous
layer for reuse. Such a technology can only apply to a small quantity of mix-
ture at very slow rate and is not suitable for ship's use at this time.

UNUSUAL PHYICAL SEPARATION TECHNIQUES

Because of the need to produce pure and fine chemicals for industrial and
biomedical use, several unusual separation techniques( 6 6 ) have been developed
in various laboratories. They will be very briefly mentioned.

* Chromatography: Continuous gas, liquid, and gel chromatographic
techniques have been successfully operated in purifying some fine chemicals.
Columns of several inches to several feet in diameter and up to 20-25 feet in
height have been made and operated. Not only is the cost high but also column
material selections have not yet been broad enough to include ordinary fuel
oil.,

* Sonic Separation: This technique is being tested on brewery and
dairy products. A proper selection of wave frequency is required. Use of this
technique to separate oil and water emulsions may be worth investigating.

* Membrane Separation: It requires the right membrane for the
right material; also the volume and rate are limited.

* Electric and Magnetic Separations: Until a better understanding
of these physical properties of the liquids to be separated is available, these
techniques will have to wait for future development. Dialysis, electrodialysis,
electrophoresis and magnetic-electrophoresis can be classified under this cate-
gory of separation.,

CHEMICAL SEPARATION TECHNIQUES

Certain chemicals can react with one component of a mixture and then be
removed. In the case of separating oil from ballast and bilge waters, the gen-

"eral use of chemicals is not considered for the following reasons:

* Chemicals used for separation will be in the discharged water.
Over a period of time they would also become pollutants to contend with.

* Experience has shown that chemicals used as demulsifying agents
are very specific in their actions. No universal demulisfying agent is known. A

* The use of chemicals would require special materials for tanks
and piping systems.
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s Since the amount of oi1 and water may vary over a wide range,
trained operators or fully automated sensing and metering devices to administer
the correct amount of chemicals may not be available.

Although the routine use of chemical, as a means of separating oil from -

waster l is -not recowmede occ nO lifial use of a2 Iutmted -amount of demalsitfytig Vt V__-
t agent is not totally.ob4.Ud to when stabilized emulsions are encountered. t

Such use should be minimized and avoided if possible. A report( 6 7 ) on an oil
spill which occurred at San Juan, Puerto Rico, by the ship OCEAN EAGLE on 3
March 1968 reveals that soea of the detergent chemicals used even in the ranges
of 0.1 ppm are harmful to many mnrine life forms. Conversely, the Navy Fuel
Reclaimation Plant at Craney Island, Virginia, uses demulsifying agents to
assist in the separation of stable emulsions. in this application the oily e
mixture has to be held at 1800 F for 20 hours for effective separation.

BIOLOCICAL SEPARATION TECHNIQUES

Biological treatment for removing oil from ballast water inside a fuel
oil storage tank is not favored at present. The variable conditions to be en-
countered in ships would make biological activity and its control difficult to
maintain. Furthermore, after its use in ballasted fuel oil tanks, the tanks
would need to be thoroughly cleaned to ensure that there would be no microbes
left to act upon new fuel oil charged to the tanks later. If applied to bilge
water, a careful selection would have to be made for some microbes may emanate
a disagreeable odor which could affect the personnel manning the nearby ship's
machinery. Therefore, until better knowledge of such agents and their control
is available, their use on naval ships has to be avoided.

SUMMARY OF SEPARATION TECHNIQUES

Having discussed various possible separation techniques, Table 2 sum-
marizes their possible adoption for ship's use.
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SSuvi.iry of Pow. ý-4..:qnacson r.chntques for ShIp's
Blilge and Ball-st-water )il-?oWlution Control

SSehutqws ?rImAr~ry "TSeondary 3Cmnt _....

Settling Yes Yes Slow process

SFlotation Yes Yes' Auxiliary process only; '

possibly hazardous

Centrifugation No 'i Also suitable for removing
water in oil

Hydrocyclone No Yes Needs fur ther development

Coalescer/Filrer Yes Yes A completely satisfactory
element yet to be found

Evaporation/ No Possible High cost
Distillation

Freezing No Possible High cost

Selective No Possible Slow process; disposal of
adsorption adsorbents need to be con-

sidered

Chromatography No Possible High cost & low rates

Sonic No Possible May break emulsions or
cause emulsion shattering
of coalesced globules

Membrane No Yes No satisfactory membrane
yet; slow process

Electric/Magnetic No Possible Needs development

Chemical No Occasional Requires new system equip-
limited use ment & trained operator;
of demulsi- may produce another pollu-
fying agent tant

Biological No No May act on new fuel charged
I unless thoroughly cleaned

out from tank; may present
,, _____ problems for personnel

IPotential use = useful or 4-|: n a practical separation process. Yes in this

* column does not imply that conwaiete separaLion is achievable using technique

by itself.
2 primary = for removal of rff. corramin1_rion.

* 3 Secondary = for polishing stnp removnl of lesser amounts of contamination.
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7 This table indicates thati settling with or without the assistance of

secondary processes such as flotation could 'be a good choice to separate the
bulk of water from the oily mixture. It is to be understood that no single
S opration in the present state 9f its art can separate the oily aqueous mixture
completely, ltaprocesslng of the mixture that contains more than the allowable

amount of oil in the water can employ other separation techniques such as eon-
trifugation or the coaliscer/filter. Development of all these techniques is
still required to make them less affected by the ship's motion. In the case of
coalescer/filter techniques, a suitable coalescer element that can be used for
all types of fuels may not be readily available at the present. Other second-
ary separation techniques listtoti IL 'PlVahiIc 2 coIld iil!- 1W tL.itd siw.Uan &-estric-
tions of low rates and high cost can he uvercomt.

MEASUR I IC METHODS

Unless the characteristics and reliability of a process are fully known,i
means must be available to monitor and control its performance. In the present
case of reducing the oil content in water to below 100 ppm (0.01%) limit, it is
not known whether processes which will accomplish this objective and would not
require sensing and control for their effective use cars be obLtained. Thus, it
is necessary to inquire into the availability of methods and devices for sens-1
ing and determining the oil content in water at least to the level of 100 ppm.
It is an additional requirement that the measuring methods and devices be able
to function properly in shipboard environment. A survey of measurement methods
was made and is reported in the following sections according to the sensing
principles involved.

ELECTRICAL

Since water has a dielectric constant of 80 and petroleum oils have a
dielectric constant of about 2 (2.5 for NSFO),( 6 8 ) a mixture of oil and water;
should have readings in between these two values. When a fluid of a certain
dielectric constait passes the electrodes of a cipacitor, an impedance of a
certain magnitude can be noticed on the circuit coupled to an oscillator. A
change in the dielectric constant can alter the impedance; thus, the output
signal can be used to indicate both the magnitude and the direction of change
in the dielectric constant of the fluid passing through the capacitor. A con-
tinuous electronic sensor based on this principle( 6 9),(70) has been developed
to detect suspended water in aviation gasoline fuel. When this technique was
applied to NSFO with frequencies of 10 kc to 75 mc, it was found that for 19
different samples used, a wide variation in their dielectric constant valuesI
was noticed. It was believed that the difference in characteristics of the
NSFO samples, because of different origins and different constituents, caused
the wide variation. An increase in the dielectric constant values with sea-water content was noticed, but they were still functions of the characteristics
of the original fuels. With respect to measuring small amounts of oil in
water, the method would be inconclusive unless the definite origin of the oil
in question is known. Such information is often not available, and the problem

I



UM
becomes complex when the oil to be encountered could bo a mixture of oils fromZI• different origins.

t• Utilizing the samn property of dielectric constant but under different

n-8" tittm of dstectin• oil in w.efetr the Penitit ampnry-h's uused-* -cpsei -.
tance probe of 3 picafarads to mersure various amounts of oil In senwntrr.l(24)
It was concluded that the reproducibility of capacitance readings for a given
concentration could be affected by changes in:

* Salinity of the water phase.

a, Water temperat:ume.

a The physical surroundings of the capacitance probe.

"It also was reported that the capacitance probe could become coated with the

NSFO used in the test and give content reading •i higher than tLat of the actual
oil in the sample.

The changeover from NSFO to a distillate-type fuel oil for ship's propul-
sion may make the use of this capacitance approach poesible. Although the ef-
fect of slight change of oil concentration in seawater on capacitance may not
be di" :inctly noticeable, a study of whether there Is any marked change in the
capacitance of seawater containing oil above and below the 100 ppm limit should
be determined.

OPTICAL

The oil content in water may be detected on the basis of:

"* Light absorption.

"* Optical density.

"* Luminescence and colorimetry.

"* Light scattering.

Light Absorption

Three ranges of light spectrum- (1) visible, (2) infrared, and (3) ultra-
violet - have been used to measure the degree of contamination in a trans-
parent or semitransparent fluid.

* Visible spectrum. The Warren Spring Laboratorv( 71 ) of England
and the Mitsubishi Heavy Industries( 7 2 ).( 7 3 ) of Japan have both developed op-
tical instruments that pass light through the oily water and measure the oil
concentration by the use of photocells. The reduction of the light intensity
is used as a measure of oil content. The systems are said to be accurate with- S
in -t207 for 100 ppm of oil in water. As the wavelength of the light used ap-
proaches the size of the contamination, the absorption coefficient increases.
Any secondary contaLlination capable of absorbing light can cause errors in
reporting oil content in water.
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Infrared spectrum. Thas method also is based on light adsorp-

tion. Wavelengths in the infrared range ard used. Using SpectIrophot ornctors,
refineries(l4),(75) have successfully used thin technique (2.84 -3.50 4) to3
measure oil in their effluent water to 0.1 ppm. 1This technique ;nvolves the

aextreetion -of sil-frorthe voter -with tefloen--tetr~ehehiridettrep -and the in-
frared absorption of the extract is then measured. u[ • Infrared in the wavelengths of B-14(76) has been used to survey o:ganic
pollution by aeriel photography, It was reported that at the shorter wave-
lengths, thermal eftczts are not noticed. I

Currently an ongoing devt, lop6t,.,t for oishipboard uso vf.in loyii-q, infrared at7
1:avelengths of 3.42(77) as an indirect mthead (requirea an es.Iret-ion step) for
monitoring oil contamination in water iHs being Larried our by the liT Research
Institute under contract (MA-3854) with the U. S. Maritime Administration. Its
development has been reported as promising. 1
-• * Ultraviolet. Absorption of ultraviolet lighat(78 in Lite 21014-

300jzrange has been reported tc be used as an organic matter pollutior, Jndec of
seawater arising from inland drainage or ship wastes. A continuous monitoring
method( 7 9 ) or aromatic compounds in water has been reported. It uses a dif-
ferential photomeCric eystem in its analyzer. Empirica1 calibrations are often •
required.

Another device based on ultraviolet absorption claims to be able to de-
tect 10-200 ppm of oil and other contaminants in boiler water. An inquiry has
b3oen made to Supplier 12 concerning its ability to detect oil or mixtures of
fuel, lubricant, and hydratilic oil in seawater.

Optical Density

Optical density or refractive index might be useful in cases where the a.

nature of the constituents does not change. In the case of fuel oil and sea-
watar, .both the oil compositions and the sea-water concentrations could vary
widely and therefore affect the readings. It is thus considered unsuirable for
ship's application in oil-pollution control.

Luminescence and Colorimetry

These techniques are not favored as means if measuring oil content on the
basis of fluorescence cc coloz in the ballast ana bilge waters on ships. This
is because luminescence and color change with the composition of the oily mater-

ials. In the case of oils encountered on naval ships, their origins as well as
constituents could vary so much that successful application of these techniques
appears doubtful.

Ligh. Scattering

The use of the principle of scattering an incident light bean when it e,

passes through a medium containing particles as a means of measuring oil con-
centration in seawater presents difficulties. Other particulate contamination
present including air bubbles could produce an erroneous signal. The nonhomo-
geneity of expected particle sizes of oil in water could also given innccurate
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OTHER MEASURING METHODS
Tw other methods that have bensuccessfully used to determine oil in

water are chemical methods and gas-liquid chromatography.

r - Chemical Methods

SMethods of determining oil in oily waters from boiler and boiler feed
water,(80) industrial waste water,(81) and oil-filled waste water( 8 2 ) by chemi-
cal methods have been reported. However, they are not deemed practical for
shipboard use because of their complexity and the tine required for execution.

Gas-Liquid Chromatography

Use of gas-liquid chromatography( 8 3 ) has been reported for traces of
organic matter in water. Whether its use would be confounded by the variety
of oils to be encountered in ships is yet to be established. In view of the
complexity of the expected signal which would require skilled interpreters,
the use utility of this technique aboard ship is dubious.

SUMMARY OF MEASURING METHODS

Table 3 summarizes the survey of the measuring methods.

Table 3
Summary of Measuring Methods

Methods Potential Use Comment

Electrical Capacitance using Possible Affected by salinity and

Dielectric Constant other contaminants

Optical Light Absorption

Visible Possible Secondary contaminants
interfere

Infrared (2.8-3.5/A) Possible Secondary contaminants
interfere

Ultraviolet Possible Secondary contaminants
(210A-300 ) interfere

Optical density Doubtful Changes with salinity,
dissolved matter, com-
position of oils

Luminescence and colorimetry No Changes with nature of oil

Light scattering No Non-homogenity of particles
& contaminants interfer

Gas-Liquid Chromatography Doubtful Too intricate for ship24 use
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Four methods are deemed to have possibilities in detecting small amounts of oil
in large volume of water. These are capacitance using dielectric constant and
light absorption in the visible, infrared, and ultraviolet spectrum ranges.

These methods have been used or are actively being considered for ship's use.

It cr o OTHER RELEVANT INFORMATION

In the course of collecting information for this survey of the state of
the art, some particularly relevant facts bearing on the problem were obtained.
They are presented below.

* In general combatant ships do not ballast for fear of sea-water 4
contamination of the fuel oil. If a reliable fuel oil purifier were installed
between the storage and service tanks, probably more of the ships would ballast. a

* The liquid gages on three combatant ships visited were noticed
to be in various stages of inoperable condition. A survey(84) of liquid level

indicators on ships reveals that 90% of them do not work. As a result, ship's
operating personnel have to rely on a scaled-off stick to measure fuel oil

* levels through sounding tubes on the storage tanks. This is slow and often
not able to stop the fast refueling rate in time to avoid spills due to tank
overfilling. An ultrasonic device has been successfully used in a laboratory
carbon dioxide scrubber as a liquid level detector.(8 5 ) Preliminary tests
indicates that it also could be successfully used when the liquid level to be
detected is an oil-water mixture.

a The reclaimed oil from the Navy's Craney Island Fuel Reclaima-
tion Plant has been reissued for ship's use under boilers.

* A commercial oil tanker has been reported(8 6 ) as having no prob-
lems in the disposal by burning of reclaimed slop oil directly from tank wash-
ings.

* At the API Division of Transportation 13th Annual Tanker Con-
ference, Williamsburg, Virginia, May 1968, a film "Load-on-Top" was shown.
The film shows how the tank washings aboard many commercial tankers are being
handled. On the return voyage of an oil tanker, its tank washings in various
tanks are first allowed to settle and the heavier water layer is pumped over-
board. The oil layer and the liquid at the interface region are then consoli-

dated into designated tanks for further separation of water and oil by set-
tling. In the meantime clean tanks are ballasted to give the ship its needed
stability. This ballasted water is pumped overboard before new oil is loaded
to the ship's tanks. The oil in the consolidated oil layers from tank washings '
is now allowed to be mixed with the new cargo of crude oil and to be delivered
to the refinery, provided its water content is within acceptable limits. The
captains of the oil tankers of an oil company (Supplier 13) are also given the
choice of discharging the consolidated oil layers to shore facilities when
they are available, for separating the oil from any water still preasnt. The
"Load-on-Top" principle appears applicable to some aspects of the Navy's
ballast-water oil-pollution problems. Two other items shown in the film are Ut

of note:

To prevent the oil layer in the tank washings from being 0
pumped overboard with the water layer, a crew member was seen hanging over the m
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side to watch the discharging water for color change. This was shown not to be
very effective as there probably was much more oil than the allowable 100 ppm
present when the color change due to oil in the discharging water became notice-

4 4bl. a before the start of pumping water overboard, the vil iutqr-

Sface above the water layer in the tank washings was determined approximately
Ai by an "interface meter;" from this determination the pumping process is slowed

down when the interface reaches about 5 feet above the liquid discharging point
inside the tank. It appears that further development of such interface detec-

tors is needed.

a A batch interface detector system for refined hydrocarbon fuels
"in pipelines has been developed and evaluated.(86) The detector is not designed
for hydrocarbon fuels whose API gravities are less than 25 (specific gravity
0.9). With the future main fuel for propulsion on Navy ships changing to dis-
tillate-type fuels whose spet-fic gravity is likely to be in the neighborhood
of 0.86-0.88 range, further interest in such an interlace detector is indicated.

CONCLUS IONS

This state-of-the-art survey indicates that: with respect to early achieve-
ment of reducing the oil content in the ships' discharging of bilge and ballast
waters below the 100 ppm level:

* A settling technique either alone or assisted by flotation, cen-
trifugation, or coalescence/filtration techniques offers the earliest possible
solution.

* No single technique in its present state of the art is capable
of completely separating the oil-water mixtures to the desired level by a single
operation.

a Satisfactory measuring devices for field use still need develop-
ment. Those based on capacitance or light absorption in the visible or infrared
spectrum ranges are in the most advanced stages of development for shipboard
use.

* The "Load-on-Top" principle could be adopted in consolidating
slop fuel into one tank for disposal.

RECOMMENDATIONS

In view of the state of the art for controlling oil pollution in ship
discharging of bilge and ballast water, it is recommended that:

oasuh a Steps be taken by the laboratory to implement the development
of a settling separation proceduire suitable first for removing or controlling
oil pollution arising from the discharge of bilge water, followed by the nec-
essary scale-up to permit the treating of ballast-water discharges. A scheme
"for such a procedure is given in Appendix A. This can begin at once without
waiting for the total problem definition, in terms of actual shipboard condi-

tions, which is being developed through a Fleet questionnaire and discussions
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with shlp*s operators. This infotration is in hand and is being processed for
a repo•rt. It will establish the magnitude of nature of the pollution abatement I
problem ships can be expected to control. U

_ The practice of "Load-on-Top" technique be carried out to con-
S.. soliýa te vareslo- oi1-irq varous vater-ba-la-ted'fuel oil tanks for disposal
later.

e Aa a total solution to the problem, consideration be given to

finding maens of disposing the recovered slop oil such as burning under the
boiler after it has been purified to an acceptable level or proceeding suff i-
cient shore facilities capable of accepting and processing such material.

e To ensure better managament of fuel oil tank usage, development
of tank liquid level gages, interphase meters, and oil concentration measuring
devices be encouraged.

w Emphasizing those separation techniques and measuring methods
and related ship operating techniques that appear promising for further develop- I
ment, the laboratory continue-•to follow the progress of the art.

I 2
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Appendix A

Proposed Scheme for Shipboard
Oil-Pollution Control Process
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ff1It in apparent that no single process can separate a mixture completely
into its constituents without comiplicated and lengthy operatioins. This pro-
posed scheme intends the separation of the oily water mixture into two bulk
streams: one, water and the other, oil. Each stream will pormit its disposal

4 __ uatU£~4p~uiatin leelreaches the allowed limits; the streams are then
~~ ~to be reprocessed. Asceaidiga 4iens<j'eI7 A

WATER LAYER PTMARY SEPARATIONI OIL LAYER
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avoid such operation for the fear of contaminating the fuel oil. If a ship is
to be ballasted and to have control of oil pollution from its discharging water,
the ship should have a satisfactory fuel purification system so that the oper-5
ator my "t have the vorry of a onatminated oil damaing the ship's propul-
1'•isys~ea iott ' ea i r quiiea- boe--et - -water- ain oH -puri-1

fication systems to oporate satisfactorily.

The above schewe requires the use of sensing and measuring devices for
both oil-in-water and vater-in-oil. For sensing oil-in-water, devices dis- '
cussed in the section of Measuring Methods are to be followed to their sucvess-
ful development. For sensing water-in-oil, devices (references (a), (b), and
(c)) reported would require investigation for their adaptability for use on '
the different oils that may be encountered.

F4

U

- A-2

Ki



j~fr

Appendix B

Technical References

IUM&A 244



General

I - Anonymous, "Defense Fuel Needs C'nnging," Oil and Gas Journal, VoL. 67,
No. 12, 24 Mar 1969, p. 83

2- Anannaj, "Oil Pollution Pravention," Proceedings Merchant Marine Council, ot.
Vol. 20, No. 3, Mar 1963

3 - Denis, J.V., "Oil Pollution Survey of the United States Atlantic Coast,"
American Petroleum Institute, Div. of Transportation, 15 May 1959

4 - Goodwin, J.K., "Report on Oily Substances and Their Effects on the Benefi-
cial Uses of Water," State Water Pollution Control Board, Sacramento,
Calif., Publication 16, 1956

5 - Oil Pollution Act of 1924, 33rd U.S. Congress 431-437
6 - Water Quality Act of 1965
7 - Federal Water Pollution Control Act (Amended 1965), Public Law 84-660
8 - Clean Water Restoration Act of 1966
9 - Faulkner, P., "Report of the Committee on the Prevention of Pollution of

the Sea by Oil." Ministry of Transportation and Civil Aviation, Her Maj-
esty's Stationary Office, London, 1953

10 - "Pollution of the Sea by Oil," United Nations Publication N. ST/ECA/41,
August 1956

11 - Navy Regulations, Article 1272 (amended 1961)
12 - Executive Order 11258, 17 November 1965
13 - Executive Order 11288, 13 May 1966
14 - Department of Defense Directive 5100.50, 4 Jan 1966
15 - SECNAV Instruction 6240.6A, 24 Mar 1967
16 - Shackelton, L.R.B., E. Douglas, and T. Walsh, "Pollution of Sea by Oil,"

Trans. Inst. Marine Engineering, Vol. 72, No. 11, 1960, p. 409
17 - Bird, R.B., W.E. Stewart, and E.N. Lightfoot, Transport Phenomena, New

York, John Wiley & Sons, 1960
18 - Anonymous, Manual on Disposal of Refinery Wastes, Vol. 1, "Waste Water

Contatning Oil," American Petroleum Inst., 7th ed, 1963
19 - Blanchier, M., "Characteristics and Development of Naval Fuel Oils"

Engineering, London Vol. 72, 1951, pp. 136-7
20 - Ingersoll, A.C., "A Laboratory Approach to The Behavior of Oil-Water Mix-

ture in Separators," Ph.D. Thesis, Univ. of Wisconsin, 1950
21 - Sleicher, C.A., "Maximum Stable Drop Size in Turbulent Flow," A.I.Ch.E. J.,

Vol. 8, 1962, p. 471
22 - Thomas, D.G., "Turbulent - Disruption of Flows in Small Particle Size

Suspensions," A.I.Ch.E. J., Vol. 10, 1964, p. 517
23 - Ward, G.P., and F.G. Knudson, "Turbulent Flow of Unstable Liquid-Liquid

Dispersions," A.I.Ch.E. J., Vol. 13, 1967, p. 356
24 - Anonymous, "Research and Development for a Shipboard Oil/Water Separation

System," Permutit Go., U.S. Maritime Admin. Contract MA 2722, Dec 1966
25 - ±nnc, W.N., "Bubbles, Drops and Stoke's Law," Philosophy Magazine, See 7,

No. 4, 1927, p. 889
26 - Anonymous, "The Behavior of Oil-Water Mixtures in Separators," Univ. of

Wisconsin, Aug 1951 S
27 - Schmidt, L.D., "Decant Control," U.S. Pat. 2946443
28 -,Mobley, W.R., "Grease and Oil Interceptor and Method of Separating Fluids

of Different Specific Gravities," U.S. Pat. 2747736
29 - Becket, F.Y., "Apparatus for Continuous Withdraw of Immiscible Liquid

Phase from a Settling Zone," U.S. Pat. 2767848
30 - Samset, Y.Y., and E.A. Hawkins, "Waste Water Treatment at Texaco's Puget

Sound Refinery," Proceedings A.P.I., Sect. III, Refining, 1960, p. 302
31 - j.S. Pat. 1406950

MATIAB 244 B-1



-1. -i -7 *-MO.U: =7j n.

32 -U.S. Pat. 1420565
33 -U.S. Pat. 1421689
34 -U.S. Pat. 1425289
35 -Menik. B.E., "'Methods and Apparatus for Separating Liquids," U.S. Pat.

-r L92) 6

Fl otation References

36 - Darcy, N.A., Jr., "Dissolved - Air Flotation Separated Oil from Waste
Water," A.P.I. Division of Refining, Vol. 2 1951, p. M111

37 - Kohlich, G.A., "Application of Air Flotatý to Refinery Waste Waters,"
Ind. &.Eng. Chem. Vol. 46, 1954, p. 304

38 - Simonsen, R.N., "Remove Oil by Air Flotatio, ' Hydrocarbon Processing &
Petroleum Refinery, Vol. 41 No. 5, 1962, p. 1i

39 - Roth, E.R., et al, "Atlantic selects Air Flotas-ion for Refinery Waste
Treatment," Proceeding A.P.I., Sect 14, Refining, 1960, pp. 309-319

40 - Fiske, C.E., and P. Mernitz, "Improved Waste Water Clarification Unit,"
Public Work, 1955

41 - Vrablik, E.R., "Fundamental Principles of Dissolved Air Flotation of In-
dustrial Wastes," Process Engineers, Inc., San Mateo, Calif., presentation
at 14th Annual Purdue Industrial Waste Conference, May 1959

42 - Anonymous, "Water Supply, Treatment, Disposal, Recovery," Chemical Engi-
neering Feature Report, 10 June 1963

43 - Brown, J.S., at al, "Water Purification Process and Apparatus," U.S. Pat.
2766203

44 - Brown, J.S., at al, "Treatment of Oil-Containing Water," U.S. Pat. 2730190
45 - Boyd, T.F.G,, et al, "Flotation of Hydrocarbon Impurities," U.S. Pat.

2759607
46 - Boyd, T.F.G., et al, "Method and Apparatus for Flotation of Hydrocarbon

Impurities" U.S. Pat. 2983677
47 - Ledbetter, W.W., "Process for Treating Crude Oil," U.S. Pat. 2162281
48 - Johnson, H.P., (Shell International), "The Fire and Explosion Hazard

Associated with the Use of Mineral Oils in Air Compressor," Shell Lu-
bricants Symposium, Moscow, Russia, 1967

Centrifugation References

49 - Foust, A.S., et al, Principles of Unit Operations, New York, John Wiley &
Sons, 1960

Hydrocyc lone References

50 - Sinkin, D.J., and R.B. Olney, "Phase Separation and Mass Transfer in a
Liquid-Liquid Cyclone," A.I.Ch.E. J. Vol. 2, No. 4, 1956, pp. 545-551

51 - Sheng, H.P., and J.'R. Welker, "Liquid-Liquid Separation in a Conventional
Hydrocyclone," A.I.Ch.E 64th National Meeting, New Orleans, La., Mar 1969

Coalescer/Filter References

52 - Lawson, C.B., "Coalescence Process," Chem. Eng. Progess, May 1967, pp.
45-60

MATLAB 244 B-2



- -- -- -- ----- - - .---- - .- *- - - - r -- - , i

53 - Wiley, R.M., "Limited Coalescence of Oil Droplets in Coarse Oil-in-Water
• _Emulsions"

54 - Hielsen, L.E., R. Wall, and G. Adams, "Coalescence of Liquid Drops at Oil-.
Water Interfaces," J. Collord Science, Vol. 13, 1958, pp. 441-458

- Wfmr.. 14tt*Co 4tutat1oQui Ietor An4 WatoQr tKn9c4wt - Apparatus for
Treating Oil Wall Streams," U.S. Pat, 2398338

56 - Lovelady, I.W.2 'ethod and Apparatus for Treating Liquid Mixtures," U.S.[Pat. 254629e
57 - Lovelady, I.W., et al, "Treating Tank," U.S. Pat. 2342950
58 - Ballard, H.O., "Process and Apparatus for Dehydrating Crude Petroleum A

Oil," U.S. Pat. 1,600,030
59 - Raymond, G., "Apparatus for Treating Liquids," U.S. Pat. 2167160
60 - Test No. B-7016, Reports U.S.N. Engineering Experiment Station, Annapolis,

Md., 1942-44
61 - U.S. ilaritime Contract lvl-4152
62 - Lawson, A., "Hydrocarbon Separator Apparatus and Separator Element," U.S. ZE

Pat. 2651414
63 - Vance, W.S., "Compound Filter," U.S. Pat. 2533793
64 - Adams, D.L.W., "Filtration," U.S. Pat. 3274103

Selective Adsorption Reference

65 - U.S. Pat. 3410794

Unusual Techniques Reference

66 - Edwards, V.H., and R.K. Finn, "New Separation Techniques," Am. Inst. of

Chemical Engineers, Today Series, New Orleans, La., 21-22 Mar 1969

Chemical Separation Techniques Reference

67 - M.J. Cerame-Vivas, "The Ocean Eagle Oil Spill," Dept of Marine Science,
Univ. of Puerto Rico, Mayaquez, Puerto Rico 00708, Office of Naval Research
Contract N00014-67-C-0282, Dec 1968

Electric Methods Reference

68 - Callinan, T.D., R.M. Roe, and J.B. Romaus, "Investigation of Dielectric
Methods for the Measuring of Seawater in Fuel Oil," Report 4488, Naval
Research Laboratory, Washington, D.C., Rept 4488, 17 Feb 1955

69 - Anonymous, "Aviation Fuel Contamination Indicator," United Research Inc.,
Cambridge, Mass., Navy Contract NOas-59-6121-3, 5 Jan 1961

70 - Spencer, R.H., "The URI Fuel Contamination Detector," presented before
American Petroleum Institute, Aviation Technical Service Committee, 29
January 1962

Optical Methods References tar

71 OtFarley, R., and F.H. Valentin, "Coagulatson as a Means of Separating Oil
From Effluents" "

72 -Intergovernmental Mariime Consultative Organization (IMC0) Official Rept
of the Working Group on Oil Pollution, 2nd Session, 7 July 1966

MATLAB 244 B-3



73 - Anonymcous, "Test Results of Mitsubishi Oily Water Separator on Board the

'Atlantic Mari&,"l Mitsubishi Heavy Industries, Ltd., Shipbuilding Rapt, 5
October 1967

74 - Simard, R.G, et aI, "Infrared Spectrophotometric Determination of Oil and
- Thl~lU W~atiY~utyttll-ihuiufl 1 -Veb-I-3,j No 1, -10i 1,9 -pp .18e7 a

5 - Rather, J.B., at al, "Determination of Oil in Refinery Effluent - Waters,1"
76_-_Analytical Chemistry, Vol. 30, 1958, pp. 36-40

76 - Van Lopik, J.R., at al, "Pollution Surveillance by Non-Contact Infrared
S Techniques," Journal WEF, Vol. 40, No. 3, 1968, pp. 425-38

77 - Salowski, M.J., "Detection of Oil Contamination in Sea Water," lIT Research
Institute, Chicago, Ill., U.S. Department of Commerce, Maritime Administra-
tion Contract MA-3854, Feb 1967

78 - Ours,' N., and T. Hanya, "Ultraviolet Absorbance as an Index of the Pollu-
tion of Sea Water," Journal WPCF, Vol. 40, No. 3, 1968, pp. 464-467

t 79 - Saltzman, R.S. (E.I. d,.& Pont), "Continuous Monitoring of Aromatic Compounds •
in Water by Differential Photometry," presented at 14th Annual Analytical J -
Instrument Symposium, Instrument Society of America, Philadelphia, Pa.,
May 1968

Other Measuring Methods References

80 -Noll, C.A., et al, "Fixing and Determing Oil in Feed Water and Boiler
Water," Industrial and Engineering Chemistry, Analytical Edition, Vol. 15,
NO. 10, 1943, pp. 629-632

81 - Anonymous, "Standard Method of Test for Oily Matter in Industrial Wacte
Water," ASTM D1340-60

82 - Kirschman', H.D., "Determination of Oil in Oil-Field Waste Waters,"
Analytical Chemistr Vol. 21, No. 7, 1949, pp. 793-797

83 -Baker, R.A., "Trace Organic Analyses by Gas-Liquid Chromatography," Air
and Water Pollution International Journal, Vol, 10, 1966, pp. 591-602

Other Relevant Information

84 - Sauerwalt, A., "Liquid Level Indicator Survey of Carriers, Cruisers and
Destroyers," Interim RDT&E Report, NAVSECPHITJDIV Project A791, SF 013
0620, Task 3950, 19 Aug 1968

85 - MEL letter Report 349/66, 2 August 1968
86 - Brown, R.N., "Development and Evaluation of a Batch Interface Detector

System for Military Pipelines Transporting Refined Hydrocarbon Fuels,"
U.S. Army Engineering Research and Development Laboratories, Fort Belvoir,

Va., Rept 1889, Mar 1967

MATIAB 244 B-4

rI



| ___-- ,__ UNC•ASS IFIED

( DOCUMENT CONTROL DATA.- R& D
$nwi~tty cleuselk'auiot of tItIe, body Mf aibtract end tnde'ttng anrletloni m~ust b entered v-hen he ovoeall report 4. ciaseifletdj

! C |. . .. " hj a&RPQ StocuGU.T CLSý .. .....
• • Naval Ship Research and Development Laboratory Unclaspified

Annapolis, Maryland 21402 2L. GROUP

3. REPORT TITL.[ Shipboard Oil-Pollution Control Systems for Ballast and Bilge Waters

4 oDSCRIPTIVE NOTES (l'ype of report and incluive detes)

A State-of-the-Art Search
11 S 1 AUTHOR$1( (First name, middle init lak, tn,,,,me)

Tat S. Yu and Danute R. Ventriglio

jS RE. PORT DATE I TOTAL, NO. OF PAGES 'b, NO. OF REFS

September 1969 16 86
I", CONTEACT OR GRANT NO, 2&_ ORIrINATVRS% REPORT NURSERISI

b. PRoJECT ro SF 35 433 006 MATLAB 244
Task 13216

c. Sb. OTHER REPORT NOMS) (Any other numbers that may be assigned
•. ASrtW:---t-Sf2-l S =A. this report)

d. .

10. DISTRIBUTION STATEMENT

t% . SUPPLEMENTARY NOTES 12. SPONSO iNC ilLtTART AC'VITy

NASC6154

13 BSTRACT

n investigation was undertaken to provide U. S. naval combatant ships with the
capability of avoiding oil pollution in excess of 100 parts of oil per million parts
of seawater in their discharges of ballast and bilge waters. Exanination of the open
literature and patents as well as discussion with Government and industrial special-
ists revealed that: (1) No available technology, alone, is practicable for shipboard
reduction of the oil content to points below the required limit; (2) a combination of.•
two or more operations along with reprocessing might be suitable for the purpose; and

(3) reliable devices for measuring oil content in water are needed for satisfactory

solution to the problem. Since no single means has been found, however, the de-
velopment of a process has begun. The first goal is to solve the bilge-water/oil
pollution problem, which appears simpler, and then to extend this solution to the
ballast-water/oil-pollution problem. t

(Authors) I

I~lFORM (PGE1
DD -NOV 1473 UNCLASSIFIED

iS/N 0101807- 680 Security Classification



K 0 LINK A LINK a LINKcASY AOROS- --

P ROLE *T ROi E AT E W T

[ Rug. vatet
Oil-pollution contirv,

DD .'.O.1473 (BACK) - UNCSSIFIED -
(PAGE 2) Security Classification

I)



b's - i

II

J I

o- 9 , , 0 0. s I t-

U+

,l !...,::o•,., ."mof fl l , .! ,

o a ti .

203 am 6 40 aP
0,9

LI. pp

A1A

* n ... o i P, • .., -a: : +,

H~ A4

IN .j -I.W't! I .. -a

+,fl."4..4 m ,., !oiIcu ,,l~ . cs,.,+.m. ,++. X...

" ....dhj4 c " 11I::;K""""jF a., ccs+ . +. . .. .

+ +, 12 .. - , 1++

z * ~ omb..id t€1 H #t1 01a 4;.=,, m ,., .., 3 ,,I . •. . • u o+z
r:+ •• +•+ +++ m+ "•+ ++• •0.0"+

3,t,0,+!+ 2 " " ' " 0"Z""1
. • i, i+. l JPl o .,.

0 l 'is +

,+. , ,, 0 .+I,. ....


